
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date

14 August 2003 (14.08.2003)

(10) International Publication Number

PCT WO 03/066611 Al

(51) International Patent Classification7:

C12Q 1/66, 1/37

C07D 277/66,

(21) International Application Number: PCT/US03/02936

(22) International Filing Date: 31 January 2003 (31.01.2003)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

60/353,158 1 February 2002 (01 .02.2002) US

(71) Applicant (for all designated States except US):

PROMEGA CORPORATION [US/US]; 2800 Woods
Hollow Road, Madison, WI 537 1 1 (US).

;
(72) Inventors; and

(75) Inventors/Applicants (for US only): O'BRIAN, Martha
[US/US]; 2117 East Mifflin Street, Madison, WI 53704
(US). WOOD, Keith [US/US]; 8380 Swan Road, Ml
Horeb, WI 53572 (US). KLAUBERT, Dieter [US/US];

250 Blue Sky Drive, Arroyo Grande, CA 93420 (US).

DAILY, Bill [US/US]; 455 Mooncrest Lane, Santa Maria,

CA 93455 (US).

(74) Agents: STEFFEY, Charles, E. et al.; P.O. Box 2938,

Minneapolis, MN 55402 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, PI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD, SE,
SG, SK, SL, TJ, TM, TO, TR, TT, TZ, UA, UG, US, UZ,
VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FT, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, SE. SI,

SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

— with international search report

— before the expiration of the time limit for amending the

claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes andAbbreviations" appearing at the begin-

ning ofeach regular issue ofthe PCT Gazette.

== (54) Title: BIOLUMINESCENT PROTEASE ASSAY

so
v©

O

ttOOQ

1000

,
100

10

1

D.1

B-—B H m m n

—

• * 4 —
=—» - =*

D

f

1 2 3 4 s

-+-lmu

-A- .01 mU

-^.001 mU

-±-.0001 rot)

Tlroo of reading ffir}

(57) Abstract: A sensitive bioluminescent assay to detect proteases including caspases, trypsin and tryptase is provided.



WO 03/066611 PCT/US03/02936

BIOLUMINESCENT PROTEASE ASSAY

Background of the Invention

Proteases constitute a large and important group of enzymes involved in

5 diverse physiological processes such as blood coagulation, inflammation,

reproduction, fibrinolysis, and the immune response. Numerous disease states

are caused by, and can be characterized by, the alterations in the activity of

specific proteases and their inhibitors. The ability to measure these proteases in

research or clinically is significant to the investigation, treatment and

10 management of disease states. For example, caspases 3 and 7 are members of

the cysteine aspartyl-specific protease (also known as the aspartate specific-

cysteine protease, "ASCP") family and play key effector roles in apoptosis in

mammalian cells (Thornberry et al, 1992; Nicholson et al., 1995; Tewari et al.,

1995; and Femandes-Alnemri et al., 1996).

1 5 Proteases, however, are not easy to assay with their naturally occurring

substrates. Moreover, many currently available synthetic substrates are

expensive, insensitive, and nonselective. Furthermore, the use ofhigh

concentrations of the target protease, with either the naturally occurring substrate

or a synthetic substrate, may be required for the assay, which may result in the

20 self destruction of the protease.

Numerous chromogenic and fluorogehic substrates have been used to

measure proteases (Monsees et al, 1994; Monsees et al., 1995) and modified

luciferins have provided alternatives to fluorescent indicators (U.S. Patent

Nos. 5,035,999 and 5,098,828). Methods for using modified luciferins with a

25 recognition site for a hydrolase as a pro-substrate were first described by Miska

and Geiger (1989). These heterogenous assays were conducted by incubating

the modified luciferin with a hydrolase for a specified period of time, then

transferring an aliquot of the mixture to a solution containing luciferase.

Masuda-Nishimura et al. (2000) reported the use of a single tube (homogenous)

30 assay which employed a galactosidase substrate-modified luciferin. A non-

heterogeneous luminescent protease assay has not yet been shown.

1
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While luminescent assays are commonly known for their sensitivity, their

performance relative to fluorescent assays is difficult to predict due to

fundamental differences in assay formats. Specifically, enzyme-linked

luminescence assays yield light coupled to the instantaneous rate of catalysis. In

5 contrast, enzyme-linked fluorescence assays yield light based on the cumulative

catalytic activity measured over a period of time (a so-called "endpoint" assay

based upon accumulation of fluorophore). By integrating the catalytic activity

over a period of time that can extend from hours to days, the light signal from a

fluorescent assay can be greatly increased. Similar integration over such long

10 periods is not practical for luminescent assays.

Thus, what is needed is a method to monitor protease activity that is a

rapid, single-tube, homogeneous, sensitive assay.

Summary of the Invention

15 The invention provides a sensitive luminescent method to detect a

protease, e.g., a caspase, trypsin or tryptase. For instance, the invention provides

a luminescent assay method to detect one or more caspases. The method

comprises contacting a sample suspected of having one or more caspases with a

mixture comprising beetle luciferase and an amino-modified beetle

20 aminoluciferin or a carboxy-terminal protected derivative thereof, wherein the

amino group of aminoluciferin or the derivative thereof is modified so as to

covalently link a substrate for the caspase via a peptide bond to aminoluciferin or

the carboxy-terminal protected derivative thereof. If the sample comprises a

caspase having a recognition site in the substrate, the substrate is cleaved at the

25 peptide bond that links the substrate to aminoluciferin, yielding aminoluciferin, a

substrate for the luciferase, in the mixture. Luminescence is then detected. The

method further comprises correlating luminescence with protease concentration

or activity, i.e., increased luminescence correlates with increased protease

concentration or activity. Preferably, the luminescent assay is more sensitive

30 than a corresponding assay with a conjugate comprising a fluorophore covalently

linked via an amide bond to at least one substrate molecule or a functional

equivalent thereof. Thus, a conjugate comprising a fluorophore may be

2
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covalently linked to one or more molecules of the substrate. In one embodiment

ofthe invention, the luminescent assay is more sensitive than a corresponding

assay which employs the fluorophore rhodamine-1 10, which can be modified via

an amide bond to link two protease substrates to the fluorophore.

5 A "functional equivalent" of a reference substrate is a substrate having

one or more amino acid substitutions relative to the sequence of the reference

substrate, which functionally equivalent substrate is recognized and cleaved by

the same protease at a substantially similar efficiency as the reference substrate.

Figure 13 shows exemplary functionally equivalent substrates for various

10 caspases.

The increased assay sensitivity with methods employing the luminescent

substrates of the invention is at least 2 times, more preferably 3, 4, 5, 6, 7, 8, 9,

or 10, or even greater, for instance, at least 15, 20, 25, 30, 40, 50, 100, 200, 500,

or 1000 times or more, greater than that of an assay employing a conjugate

1 5 comprising a fluorophore covalently linked to at least one substrate molecule or

a functional equivalent thereof. Thus, the methods of the invention may detect

less than 5 jaU, or less, e.g., less than 1 ^U, 0.5 \i\J or 0.2 [iU of caspase in a

sample. As used herein, the limit of detection means 3 standard deviations

above background noise ("noise" is 1 standard deviation ofbackground and

20 background is a control without caspase).

As described hereinbelow, using a substrate for caspase 3 and 7 that was

linked to either aminoluciferin or rhodamine-1 10, it was found that the limit of

detection for the aminoluciferin-based substrate was 0.2 to 0.5 [x\J of purified

caspase while that for the rhodamine-1 10-based substrate was 10 |aU. As also

25 described herein, it was found that the limit of detection of caspase expressing

cells with the aminoluciferin-based substrate was 15 cells at 1 hour while the

limit of detection for the rhodamine-1 10-based substrate was 150 cells at 1 hour.

Thus, the methods of the invention may be employed with a sample comprising

purified or partially-purified preparations of enzyme, as well as a sample

30 comprising a cell lysate or intact cells. Moreover, due to the increased

sensitivity of the assay of the invention, accurate background levels of activity,
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e.g., in resting cells such as those in the absence of inducer or toxin, can be

readily and accurately established.

The invention also provides a luminescent assay method to detect a

protease that specifically cleaves a substrate comprising aspartate. The method

5 comprises contacting a sample suspected of having one or more aspartate-

specific proteases with a mixture comprising luciferase and an amino-modified

amino luciferin or a carboxy-terminal protected derivative thereof, wherein the

amino group of aminoluciferin or the derivative thereof is modified so as to

covalently link the substrate via a peptide bond to aminoluciferin or a carboxy-

10 terminal protected derivative thereof. If the sample comprises a protease having

aspartate as a recognition site, the substrate is cleaved at the peptide bond that

links the substrate comprising aspartate to aminoluciferin, yielding

aminoluciferin, a substrate for the luciferase in the mixture. Then luminescence

is detected in the sample. Preferably, the luminescent assay is more sensitive

1 5 than a corresponding assay with a conjugate comprising a fluorophore covalently

linked to one or more molecules ofthe substrate or a functional equivalent

thereof. Preferred proteases that specifically cleave a substrate comprising

aspartate include but are not limited to caspases, e.g., any one of caspases 1-14.

Preferred substrates comprise XrX2-X3-D, wherein Xi is Y, D, L, V, I, A, W, or

20 P; X2 is V or E; and X3 is any amino acid, for instance, a substrate comprising

DEVD, WEHD, VDVAD, LEHD, VEID, VEVD, VEHD, IETD, AEVD, LEXD,

VEXD, IEHD, orPEHD.

The invention also provides a luminescent assay method to detect trypsin

or tryptase. The method comprises contacting a sample suspected of having

25 trypsin or tryptase with a mixture comprising luciferase and an amino-modified

aminoluciferase or a carboxy-terminal protected derivative thereof, wherein the

amino group of aminoluciferin or the derivative thereof is modified so as to

covalently link a substrate for trypsin or trytase via a peptide bond to

aminoluciferin or a carboxy-terminal protected derivative thereof. Luminescence

30 is then detected. Preferably, the luminescent assay is more sensitive than a

corresponding assay with a conjugate comprising a fluorophore covalently

linked to at least one substrate molecule or a functional equivalent thereof. For

4
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trypsin, arginine and lysine are functionally equivalent substrates as trypsin

cleaves the peptide bond after those residues with substantially similar

efficiencies. The increased assay sensitivity with methods employing the

luminescent substrates of the invention for trypsin or tryptase is at least 2 times,

5 more preferably 3, 4, 5, 6, 7, 8, 9, or 10, or even greater, for instance, at least 15,

20, 25, 30, 40, 50 or 100 times or more, greater than that of an assay employing

a conjugate comprising a fluorophore covalently linked to at least one substrate

molecule or a functional equivalent thereof. Using a substrate for trypsin, it was

found that the limit ofdetection for a lysyl-aminoluciferin substrate was 3.0 pg

10 while that for the arginine2-rhodamine-l 10-based substrate was 12 to 30 pg.

Thus, a trypsin assay which employs an amino-modified aminoluciferin

substrate is at least 4 times more sensitive than a corresponding assay with a

conjugate comprising rhodamine-1 10 covalently linked to two functionally

equivalent trypsin substrates.

15 Further provided is a luminescent assay method to detect a protease that

specifically cleaves a substrate comprising arginine or lysine. The method

comprises contacting a sample suspected ofhaving one or more proteases

specific for a substrate comprising arginine or lysine with a mixture comprising

luciferase and an amino-modified aminoluciferase or a carboxy-terminal

20 protected derivative thereof covalently linked via a peptide bond to a substrate

comprising arginine or lysine. Luminescence in the sample is then detected.

Preferably, the assay is more sensitive than a corresponding assay with a

conjugate comprising a fluorophore covalently linked to the substrate or a

functional equivalent of the substrate. As tryptase is released from activated

25 mast cells in association with inflammatory conditions including allergic

reactions such as anaphylactic reactions and allergic rhinitis, and trypsin in stool

may be indicative of cystic fibrosis, the methods of the invention may be of

diagnostic use, or to monitor a mammal subjected to therapy, e.g., anti-

inflammatory therapy.

30 Also provided is a compound comprising aminoluciferin or a carboxy-

terminal protected derivative thereof covalently linked via a peptide bond to a

5
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protease recognition site such as a caspase recognition site, a trypsin recognition

site, or a tryptase recognition site.

The invention also provides synthetic processes and intermediates

disclosed herein, which are useful for preparing compounds of the invention.

5 Kits useful in the methods of the invention are also envisioned. Such kits

may comprise the amino-modified aminoluciferins or carboxy-terminal protected

derivatives of the invention, and instructions for their use, optionally a

luciferase, for instance a thermostable luciferase and also optionally a buffer for

a luminescence reaction which may include a lysing agent.

10

Brief Description of the Figures

Figure 1 depicts relative light units (RLU) for luciferin or aminoluciferin

as a substrate for a thermostable firefly luciferase in a luminescent reaction.

Aminoluciferin produces about 60% ofthe light output as luciferin under

15 saturating conditions. The Km shifts from about 0.6 \xM for luciferin to 2 |iM for

aminoluciferin.

Figure 2 illustrates the elimination ofbackground signal from free

aminoluciferin in a homogeneous assay format. Free aminoluciferin can produce

high background signal even in the absence of trypsin. This background signal

20 decreases as the free aminoluciferin is consumed by luciferase. By combining

the substrate with luciferase, ATP, and Mg+ prior to the exposure to protease,

the signal to noise ratio is dramatically increased. Moreover, the presence of the

protease did not interfere with the luciferase reaction.

Figure 3A shows RLU from a trypsin titration with N-Lys-aminoluciferin

25 over time. Substrate was combined with luciferase, ATP, and Mg+ in buffer and

incubated overnight to eliminate free aminoluciferin. The substrate mixture was

then added to the trypsin titrations.

Figure 3B shows RLU (log) from a trypsin titration with N-Lys-

aminoluciferin over an extended period of time.

30 Figure 4 depicts relative fluorescent units (RFU) from a trypsin titration

with Z-Arg-RhollO.
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Figure 5 shows RLU from a caspase titration with Z-DEVD-

aminoluciferin over time. Luciferase, ATP, and Mg+ in buffer were added to the

substrate.

Figure 6 shows RFU from a caspase titration with Z-DEVD-Rhol 10.

5 The fluorescent Z-DEVD-Rho 1 10 substrate was provided in the Apo-ONE™

Homogeneous Caspase 3/7 Assay kit (Promega). The same buffer was used for

the DEVD-Rhol 10 substrate as for the DEVD-aminoluciferin substrate (see

Figure 5).

Figure 7 shows RFU (background subtracted) or RFU (log) for caspase

10 and Z-DEVD-Rhol 10.

Figure 8 shows RLU (background subtracted) or RLU (log) for caspase

and Z-DEVD-aminoluciferin.

Figure 9 is a comparison ofRLU and RFU for trypsin with N-Lys-

aminoluciferin or Z-Arg-Rhol 10 as a substrate. Trypsin titrations were set up as

1 5 described above. The luminescent assay was more sensitive than a comparable

fluorescent assay, e.g., the Lys-aminoluciferin substrate has a sensitivity 3-10

fold greater than the Arg-Rho 1 10 depending on the time of the reading.

Figure 10 is a comparison ofRLU and RFU for caspase and Z-DEVD-

aminoluciferin, Z-DEVD-AMC or Z-DEVD-Rho 1 1 0 as a substrate. The Z-

20 DEVD-Rho 1 1 0 substrate and buffer used were the Apo-ONE™ (Promega)

substrate and buffer. The same buffer was used for the DEVD-AMC substrate.

The DEVD-aminoluciferin substrate had a sensitivity 50-300 fold greater than

the Arg-Rho 1 10 depending on the time of the readings.

Figure 1 1 shows RLU or RFU obtained with Jurkat cells (induced or

25 uninduced) and the caspase substrate Z-DEVD-aminoluciferin or Z-DEVD-

Rhol 10. The Apo-ONE™ buffer and Z-DEVD-Rhol 1 0 substrate were used for

the fluorescent caspase assay. The same buffer was used for the DEVD-

aminoluciferin substrate with the addition of luciferase, ATP, and MgS04 . The

DEVD-aminoluciferin substrate has a sensitivity 10-fold greater than the Arg-

30 Rhol 1 0 at the 1 hour time point. At 4 hours, this decreased to about 2-fold.

Figure 12 shows relative RLU or RFU results obtained using CHAPS or

Apo-ONE™ buffer.
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Figure 13 illustrates recognition sites for various caspases (Thomberry et

al., 1997; Garcia-Calvo et al., 1999).

Detailed Description of the Invention

5 Rapid and sensitive assays of proteolytic activity are important for

general characterization ofproteases and high-throughput screening for protease

inhibitors. However, the inherent background of fluorescence, particularly in

cell-based systems, can limit assay sensitivity. Moreover, to achieve maximum

sensitivity, lengthy incubations are often required for accumulating the

10 fluorescent assay product. Luminescent assays can often provide greater

sensitivity in less time.

Thus, the present invention provides an improved, sensitive method for

monitoring protease activity in purified preparations comprising the protease, in

cell lysates or cells, either prokaryotic or eukaryotic cells. Preferred eukaryotic

15 cells include mammalian cells, for example, human, feline, bovine, canine,

caprine, ovine, swine, equine, non-human primate, e.g., simian, avian, plant or

insect cells. The cells may be cells that have not been genetically modified via

recombinant techniques (nonrecombinant cells), or recombinant cells, the

genome ofwhich is augmented with a recombinant DNA. The DNA may encode

20 a protease to be detected by the methods of the invention, a molecule which

alters the level or activity of the protease in the cell, and/or a molecule unrelated

to the protease or molecules that alter the level or activity of the protease.

The protease is detected using an amino-modified aminoluciferin or a

carboxy-terminal protected derivative thereof, which modification comprises a

25 substrate for the protease. The substrate, which comprises one or more amino

acid residues which include the recognition site for the protease, is covalently

linked to the amino group of aminoluciferin or the carboxy-terminal modified

derivative via a peptide bond. Preferably, the N-terminus of the substrate is

modified to prevent degradation by aminopeptidases, e.g., using an amino-

30 terminal protecting group.

In the absence of the appropriate enzyme, a mixture comprising a

substrate and luciferase will generate minimal light as minimal aminoluciferin is

8
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present (a small amount of light may be generated due to spontaneous hydrolysis

of the peptide bond). In the presence of the appropriate enzyme, the peptide bond

linking the substrate and aminoluciferin (the bond immediately adjacent to the 6'

position on the luciferin core molecule) can be cleaved by the protease to yield

5 aminoluciferin, a substrate for luciferase. Thus, in the presence of luciferase, for

instance, a native, a recombinant or a mutant luciferase, light is generated, which

is proportional to the amount or activity of the protease. Any beetle luciferase,

preferably a thermostable luciferase, may be employed in the methods of the

invention.

1 0 The aminoluciferin-based substrates of the invention are relatively

inexpensive to synthesize and can be purified to high levels. Moreover, because

they are extremely sensitive substrates, only very small amounts of a biological

sample (e.g., cells, and physiological fluids, blood, urine, etc., which comprise

cells) are required to perform the assay. Further, because the aminoluciferin-

1 5 based substrates are extremely selective, little or no purification of the biological

sample is required. For example, using such an assay, the activity of caspase 3,

caspase 7 and trypsin was found to be below the level of detection of a

corresponding assay using a Rhodamine-1 10 caspase substrate (Rhodamine-1 10

is likely one of the most sensitive indicators known). In particular, the

20 sensitivity described herein for a caspase is superior to Apo-ONE™ (Promega,

Madison, WI). Apo-ONE™ is a fluorescent based assay, which uses the

fluorphore Rhodamine-1 10 conjugated to 2 recognition sequences for caspase

3/7.

Preferably, the methods of the invention are employed as a homogeneous

25 assay for a protease, such as a caspase, tryptase or trypsin, i.e., the modified

aminoluciferin, luciferase and additional components are mixed prior to adding

the mixture to the sample. Results may be read without additional transfer of

reagents.

A specific compound of the invention is a compound of formula (I):

30

9
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.COOR1

I

H

(I)

wherein R is a peptide that is a substrate for caspase, trypsin and tryptase, which

is linked to the remainder ofthe compound of formula (I) through its C-terminus

forming a peptide (amide) bond; and Rf

is H or a suitable carboxy protecting

5 group (e.g. a (Ci-C6)alkyl, phenyl or benzyl ester), or a suitable salt thereof.

Another specific compound of the invention is a compound of formula

(I):

I

H

(I)

1 0 wherein R is a peptide that is linked to the remainder of the compound of

formula (I) through an aspartate, lysine, or arginine group at the C-terminus of

the peptide forming a peptide (amide) bond; and R' is H or a suitable carboxy

protecting group (e.g. a (CrC6)alkyl, phenyl or benzyl ester), or a suitable salt

thereof.

1 5 It will be appreciated that salts of the amino-modified aminoluciferin

compounds or the carboxy-terminal protected derivatives thereof can also be

used in the methods described herein, and also form part of the invention.

Methods for preparing suitable salts are known in the art.

Compounds of the invention can be prepared using procedures

20 that are generally known, or they can be prepared using the procedures described

herein. For example, compounds of the invention can be prepared using

standard solution phase chemistry. Accordingly, a peptide can be coupled to an

amino-cyanobenzothiazole, followed by reaction with D-cysteine to provide a

compound of the invention. Alternatively, amino-cyanobenzothiazole can first

25 be reacted with D-cysteine to provide an intermediate amino compound, which

10
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can subsequently be conjugated to a peptide to provide a compound of the

invention.

Compounds of the invention can also be prepared using conventional

solid-phase peptide synthesis techniques. For example, an aminoluciferin

5 labeling reagent in the form of an N-protected amino acid that is attached to a

peptide synthesis resin via the carboxylic acid function, can be prepared using

standard coupling reagents (e.g., EDAC, DCC, or HOBt). The N-protective

group is preferably Fmoc or t-Boc, but can be any group that can be removed

without deleterious effect on the chemical bond connecting the label to the resin.

10 Once attached to the resin the N-protective group is removed and the peptide is

built onto the N-terminus of the resin-bound label using standard peptide

synthesis protocols. At the end ofpeptide synthesis the labeled peptide is cleaved

from the resin using standard cleavage reagents to provide the carboxylic acid.

Accordingly, the invention provides aminoluciferin coupled via the free

15 carboxyl group to a solid support for the purposes ofpeptide synthesis. Such a

carboxy-terminal protected aminoluciferin is convenient for the synthesis of a

conjugate comprising a peptide of interest conjugated to the amino group of

aminoluciferin. Preferably, the amino group is protected with an Fmoc or a t-

Boc group.

20 The invention also provides a method for preparing a compound of the

invention comprising forming an amide bond between the amino group of a solid

support bound aminoluciferin and a first amino acid or a first peptide; and

optionally attaching one or more additional amino acids or peptides through

peptide bonds to provide the compound. The solid support bound aminoluciferin

25 can optionally be prepared by attaching an N-protected aminoluciferin to a solid

support through the carboxy group; and deprotecting the aminoluciferin. The

support bound compound can then be removed to provide the corresponding free

carboxylic acid, which can optionally be protected to provide a carboxyterminal

protected derivative.

30 A carboxy-protected derivative of the invention can be prepared from the

corresponding carboxylic acid using standard techniques. Accordingly, the

invention provides a method to prepare a carboxy-terminal protected derivative

11
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ofaminoluciferin, comprising protecting the corresponding acid with a suitable

carboxy-protecting group.

Suitable amino protecting groups (e.g. Fmoc or t-Boc), as well as suitable

carboxy protecting groups (e.g. (CrC6)alkyl, phenyl or benzyl esters or amides)

5 that can be incorporated into the compounds of the invention, are well known to

those skilled in the art (See for example, T.W. Greene, Protecting Groups In

Organic Synthesis; Wiley: New York, 1981, and references cited therein).

The invention will be further described by the following non-limiting

examples.

10

Example 1

To compare the limit of detection for a luminescence-based and a

fluorescence-based assay for trypsin, two substrates, Lys-aminoluciferin (Cbz-

modified lysinyl-aminoluciferin) and Arg-Rho-1 10 (Molecular Probes, Catalog

1 5 no. R6501), were used. Substrate was resuspended in 100 mM Hepes, pH 7.9, at

a concentration of 10 mM and stored at -20°C. The thawed Lys-aminoluciferin

substrate, thermostable luciferase (5.2 mg/ml stock), and ATP (0.1 M stock)

were diluted in buffer (50mM HEPES, pH 7.9, 10 mM MgS04 , 1 mM EDTA,

pH 8.2 and 0.1% prionex) to make a stock that was lOx the final concentration.

20 The lOx stock was 200 pM Lys-aminoluciferin, 200 ng/ml luciferase, and 2.0

mM ATP. This lOx stock was incubated for at least 90 minutes to eliminate any

free aminoluciferin.

Trypsin was prepared for titration as follows: 1 \ig/\i] stock solution was

diluted to 10 ng/50 \x\ in the same buffer as above (50 mM HEPES, pH 7.9, 10

25 mM MgS04 , 1 mM EDTA, pH 8.2 and 0. 1% prionex). This 10 ng/pl trypsin

solution was serially diluted 5 fold to 2 ng, 0.4 ng, 0.08 hg, 0.016 ng, 3.2 pg,

0.64 pg, 0.128 pg, 0.0256 pg and 0.005 pg. The trypsin dilutions were added to

two 96-well plates in replicates of 8 at 50 \i\ per well. Pipette tips were changed

for each row to avoid enzyme carryover. Two columns (16 wells) contained

30 buffer only without trypsin.

One of the two plates of the trypsin dilutions was then used to test the

Lys-aminoluciferin substrate (Figure 3). Samples were tested in quadruplicate.

12
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The lOx substrate/luciferase/ATP mix was further diluted 5 fold in the above-

described buffer to make a 2x stock. 50 \xl of this 2x stock was added to each

well containing 50 (il of the trypsin titration such that the final 100 |il volume

contained 20 |iM Lys-aminoluciferin, 200 \iM ATP, and 20 [ig/ml of

5 thermostable luciferase in buffer (50 mM HEPES, pH 7.9, 10 rnM MgS04 ,

1

mM EDTA, pH 8.2 and 0.1% prionex). The substrate mix was also added to 12

of the 16 wells containing buffer only without trypsin. The remaining 4 wells

were left with buffer only (no substrate mix). This plate was incubated at room

temperature and read by luminometer at 45 minutes and 3 hours after adding the

1 0 substrate mix to the trypsin.

The second plate of trypsin dilutions was used to test the Arg-Rho-1 1

0

substrate (Figure 4). The Arg-Rho-1 10 substrate was tested at final

concentrations of 10 \iM and 2.5 |iM. 2x stocks of 20 and 5 \iM were

prepared by diluting the substrate in 50mM HEPES, pH 7.9, 10 mM MgS04> 1

1 5 mM EDTA, pH 8.2 and 0.1% prionex. To each well of the plate containing 50 |xl

of the trypsin titration was added 50 (il of either the 20 |iM or 5 |iM 2x stocks of

Arg-Rho-1 10 substrate. The 20 [xM stock was added to the first four rows (final

concentration of 10 ^lM in rows A-D) and the 5 \iM stock was added to the

second four rows (final concentration of 2.5 \iM in rows E-H). The substrate mix

20 was also added to 12 of the 16 wells containing buffer only without trypsin. The

remaining 4 wells were left with buffer only (no substrate mix). The Arg-Rho-

1 10 plate was incubated at room temperature in the dark for 4.5 hours and read

on a fluorimeter.

The signal to noise was calculated as signal-background (no trypsin)/S.D.

25 ofbackground. The limit of detection was determined as 3 S.D. above

background noise.

Results

A homogeneous format was used for a trypsin assay. The results

indicated that the limit of detection using the Lys-aminoluciferin substrate for

30 trypsin is lower than the Arg-Rho-1 10 substrate. In particular, the results

indicated that the Lys-aminoluciferin substrate has a sensitivity 3 to 10 fold

greater depending on the time of the reading than the Arg-Rho-1 10 substrate
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(Figure 9). Moreover, the luminescent assay reached a maximum sensitivity in

30 minutes or less and was very stable for extended time periods.

Example 2

5 To determine the effect of an overnight pre-incubation of substrate with

luciferase, ATP and buffer prior to adding trypsin, a substrate/luciferase/ATP

mix was incubated overnight in the dark, at room temperature. For the Lys-

aminoluciferin substrate, the thawed Lys-aminoluciferin substrate (10mM
stock), thermostable luciferase (5.2 mg/ml stock), and ATP (0.1 M stock) were

10 diluted in buffer (50 mM HEPES, pH 7.9, 10 mM MgS04 , 1 mM EDTA, pH 8.2

and 0.1% prionex) to make a stock that was lOx the final concentration. The lOx

stock was 200 (iM Lys-aminoluciferin, 200 \ig/ml luciferase, and 2,0 mM ATP.

After overnight incubation, the lOx stock was diluted in buffer to make a 2x

stock (40 \iM of substrate, 400 \iM ofATP and 40 \ig/ml of luciferase). The

15 Arg-Rho-1 10 substrate was also prepared to a 2x working stock concentration of

40 |iM from a 5 mM stock.

Trypsin dilutions were prepared from a 1 |ig/(il stock and diluted to the

same concentrations as in Example 1, and two different plates were set up with 4

wells for each concentration of trypsin, 50 [il per well. Two columns had buffer

20 only without trypsin as a control. Then, 50 \il of the 2x Lys-aminoluciferin

substrate mix was added to each well of one plate, and the results were read at

several time points on a luminometer. To the second plate, 50 [il of the 2x Arg-

Rho-1 10 stock was added to each well for a final concentration of20 nM, as in

Example 1.

25 The luminescence-based assay was able to detect as little as 3.0 pg of

trypsin, while the fluorescence-based assay had a limit of detection of about 12-

30 pg (4-10 times less enzyme).

Example 3

30 To conduct a direct comparison between luminescent and fluorescent

substrates for caspase 3, DEVD-Rho-1 10 and DEVD-aminoluciferin were

employed. The DEVD-aminoluciferin substrate/luciferase/ATP mixture was

14
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prepared first and preincubated prior to the enzyme assay to eliminate free

aminoluciferin. To 1.25 ml ofApo-ONE™ buffer (Promega) was added 10 |il

ofDEVD-luciferin (10 mM stock), 10 |il ofATP (0.1 M stock), 50 jil ofMgS04

(1 M stock), 50 nl ofprionex (10% stock), and 48 \il of luciferase (5.2 mg/ml

5 stock). The volume was brought up to 2.5 ml with nanopure, autoclaved water to

make a 2x stock of40 \iM DEVD-luciferin, 400 \xM ATP, 0.2% prionex, and

100 ng/ml luciferase. This stock was incubated overnight at room temperature.

Caspase (Upstate Biotech, Cat. No. 14-264; approximately 10 mU/ng

protein with > 75% in active conformation) was diluted 550 fold in a 50/50

1 0 mixture ofApo-ONE™ buffer/RPMI-1 640 culture media, from 1 U/|il to

1.8 mU/jil. 50 \xl ofApo-One™ buffer/RPMI-1 640 media was added to each

well in two 96-well plates. Then, 5.5 \il of the caspase stock was added to the 50

|il ofApo-One™ buffer/RPMI-1 640 media for a concentration of about

10 mU/50 Ten serial dilutions of 10 fold each were carried out in the wells by

1 5 serially transferring 5.5 ^il of caspase solution into the 50 |il of the buffer/media

mix. The final caspase concentrations were 10 mU, 1 mU, 0. 1 mU, 0.01 mU,

0.001 mU, 0.1 [iU, 0.01 |iU, 0.001 [iU, 0.1 nU, and 0.01 nU/well. The last two

columns were buffer/media only without caspase.

To one plate of caspase dilutions, 50 \il of the DEVD-aminoluciferin

20 substrate mixture was added to each well for final concentrations of 20 \lM

DEVD-aminoluciferin, 200 ^M ATP, 10mM MgS04 > 0.1% prionex, and 50

jig/ml luciferase. To the other plate, 50 ^1 of the DEVD-Rho-1 10 substrate was

added to each well at the recommended final concentration of 50 ^M. Readings

were taken for each plate at 1 hour, 3 hours, and 5 hours on a luminometer and

25 fluorimeter, respectively.

Signal to noise was calculated as above and the limit of detection was

determined as 3 S.D. above the background noise.

As in the case of the trypsin-substrate modified luciferin, DEVD-

aminoluciferin was 10-100 times more sensitive than DEVD-Rho-1 10 (Figure

30 1 0). The fluorescent ratio assay required several hours for maximum sensitivity

15
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and was always changing over time. Moreover, the fluorescent assay lost

linearity at low caspase concentrations.

The luminescent assay is a rate assay that is not dependent on the

accumulation of cleaved substrate. Therefore, steady-state (protease cleavage

5 versus luciferase consumption of aminoluciferin) is reached rapidly and this

steady-state is stable for several hours. Moreover, linearity is also maintained

for several hours. The luminescent assay reached a maximum sensitivity in 30

minutes or less and was very stable for extended time periods. The luminescent

assay was linear over 3-4 logs at low caspase concentration (Figure 8).

10

Example 4

The DEVD-aminoluciferin caspase substrate and the DEVD-Rho-1 10

caspase substrate were used to measure caspase activity in Jurkat cells induced

to undergo apoptosis with anti-FAS antibody. DEVD-luciferin and luciferase

15 were prepared for pre-incubation prior to use in the assay. Substrate, ATP,

MgS04, prionex and luciferase were diluted from the same stock as in Example

3 to the same 2x concentration, except that the components were diluted in

autoclaved water rather than Apo-ONE™. This mixture was incubated

overnight in the dark (covered in foil).

20 The next day, Jurkat cells, grown in RPMM640 media with 10% Fetal

Bovine Serum (FBS) to a density of 5 x 10
5
cells/ml, were treated with anti-FAS

antibody. To one vial of 8 ml ofmedia was added 1.6 \il of antibody (1:5000

dilution); a second vial contained 8 ml ofmedia and no antibody. Cells were

incubated for 4 hours at 37°C, in 5% C02 . Cells were then centrifuged and

25 resuspended in 12.5 ml ofRPMI-1640 to a density of 3.2 x 10
5
cells/ml, then

diluted 1:1 with Apo-ONE™ buffer for 1 .6 x 10
5
cells/ml, or 8,000 per 50 \il

Two 96-well plates were prepared such that on each, the first column was

left empty, and 50 [il ofRPMI-1640:Apo-ONE™ solution was placed in each of

the remaining wells. To the first four rows of each plate, 100 \il of the

30 "induced" cell solution (8,000 cells) was added and the cells then serially diluted

from 8,000 cells/well, to 4,000 cells/well and so on, down to 7.8 cells/well. The

twelfth column was left without cells and with only 50 \il ofRPMI-1640:Apo-

16
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ONE™ solution. The next four rows on each plate were likewise treated with

100 ^1 of the
4t
uninduced" cell solution, and then likewise serially diluted to 7.8

cells/well. Again, the last column of those four rows was left with media alone

(no cells).

5 Signal to noise was calculated (signal minus background (no cell

control)/S.D. of background) and the limit of detection was determined as 3 S.D.

above the background noise.

One of the two plates was treated with 50 ^1 of either DEVD-

aminoluciferin/luciferase mix or with DEVD-Rho-1 10/Apo-ONE™ (Promega

10 G778B and G777B). Each plate was mixed on a plate shaker for 30 seconds

then incubated at room temperature and read on either a Dynex luminometer or

Fluoroskan plate reader at 1 hour, 2 hours, 4 hours and one day later.

The aminoluciferin substrate assay showed that the assay detects caspase

positive cells in a well having 1 5 cells in as little as 1 hour, and that the assay

1 5 remains linear at the 4 hour time point (Figure 11). On the other hand, the

DEVD-Rho-1 10 substrate assay had a limit of detection of 1 50 cells/well at I

hour, and about 30 cells at 4 hours.

Example 5

20 To evaluate different assay component formulations for caspase-3

activity and to compare sensitivities ofDEVD-aminoluciferin to DEVD-Rho-

1 10 in those formulations, two stock solutions were prepared. As above, the

DEVD-aminoluciferin/luciferase mixture is prepared and allowed to incubate

overnight. One stock solution included a 1% solution ofCHAPS buffer (Sigma,

25 Catalog No. C-5070) and the other a 1% solution of Thesit (Pragmatics, Inc.,

Catalog No. S-22#9). The buffer formulations were as follows: 100 jil of

HEPES (1 M stock, 50 mM final concentration), 10 \xl ofCaCl2 (I M stock, 5

mM final concentration), 30 \i\ ofMgS04 (1 M stock, 15 mM final

concentration), 8 |il ofATP (0.1 M stock, 400 j*M final concentration), 8 \i\ of

30 DEVD-aminoluciferin (10 mM stock, 40 (iM final concentration), 38.4 \il of

luciferase (5.2 mg/ml stock, 100 jig/ml final concentration) and 20 \il of prionex

(10% stock, 0.1% final concentration) were combined in each of 2 tubes.

17
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Finally, 200 \i\ of either CHAPS or Thesit (1% stock, 0.1% final concentration)

was added to one of the tubes. This was incubated overnight. The next day, 40

p.1 ofDTT (Promega, catalog no. V3151) (1 M stock, 20 mM final

concentration) was added to each tube (CHAPS and Thesit). Finally, 1545.6 \il

5 ofpure, autoclaved water was added for a final volume of 2 ml per solution.

Caspase (Upstate Biotech, Cat. No. 14-264) was diluted from 1 U/|il

stock to 1 mU per 50 jil, or 8 mU in 400 \xl of buffer (see below). The caspase

buffer was as follows: HEPES, CHAPS or Thesit, CaCl2 , MgS04 , DTT and

prionex, all in the same final concentrations as described above. The caspase was

10 serially diluted by factors of 10, from 1 mU through 1 x 10"8 mU to a final

volume of440 \il of each dilution. 50 \il of each of these dilute caspase

solutions were added to each of 3 wells on each oftwo 96 well plates. Three

columns of wells were left blank.

To one plate, 50 \xl of DEVD-aminoluciferin/luciferase was added to

1 5 each of the 6 wells containing each dilution (both CHAPS and Thesit treated).

To the second plate, 50 ofDEVD-Rho-1 10 substrate was added to each of the

6 wells containing each dilution (both CHAPS and Thesit treated). The plates

were read at various times on a luminometer (Dynex) or a fluorimeter

(Fluoroskan).

20 The limit of detection for the aminoluciferin was in the range of 0.2 jiU

ofcaspase in buffer containing either CHAPS or Thesit (Figure 12). On the

other hand, the limit of detection using the rhodamine-based substrate was 2-6

HU (a factor of 10-30).

25 Example 6

Representative compounds of the invention were prepared according to

the following non-limiting examples.

General Synthetic Procedures

All reactions were run under positive pressure of dry nitrogen gas.

30 Reactions requiring anhydrous conditions were performed in oven-dried

glassware that was cooled under nitrogen gas or a dessicator. Anhydrous

solvents and reagent solutions were transferred using oven-dried syringes.

18
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Tetrahydrofuran (THF), dichlororaethane, pyridine, acetonitrile, and

dimethylformamide (DMF) were obtained as anhydrous solvent and were used

without further purification. Reagent grade solvents were used for

chromatography without further purification.

5 TLC was performed on 0.2mm EM Science precoated silica gel 60 F254

TLC plates (5 x 20 cm aluminum sheets). Flash chromatography was performed

using Selecto Scientific 32-63 |im silica gel (60 F254).

Analytical Reverse-phase HPLC was performed using a Synergi 4\x Max-

RP column, 4.6 mm x 50 mm, on Beckman System Gold 126 pump systems

10 equipped with a Model 168 diode-array detector and Model 507 autosampler.

The solvents were: A—10 mM sodium phosphate buffer (pH 7.0) and B-

methanol. All analytical reverse-phase chromatograms were monitored at 254

nm and 315 nm.

ESI Mass spectra were recorded on a FISONS VG Platform Electrospray

1 5 Mass Spectrometer. The NMR spectra of all the compounds conformed to their

respective structures.

Nmr spectra were obtained on a Varian 300 Mhz spectrometer.

Example 7

20 Preparation of N-(Z-DEVD)-aminoluciferin

To a 25 mL flask containing N-[Z-Asp(OtBu)-Glu(OtBu)-Val-

Asp(OtBu)]-aminoluciferin (20 mg, 0.019 mmol) was added 2 mL of a solution

of20% trifluoroacetic acid in dichloromethane. The reaction mixture was stirred

at room temperature for 4h. HPLC indicated the reaction was progressing

25 slowly. Additional trifluoroacetic acid was added to make a 30% solution of

trifluoroacetic acid in the reaction mixture and the reaction was left standing in a

5 °C refrigerator overnight. The next day HPLC analysis indicated the reaction

was complete. The reaction mixture was concentrated to a creamy solid residue.

The crude product was purified by HPLC chromatography on a Synergi 4 u

30 Max-RP semi-preparative column using 20mM ammonium acetate buffer (pH

6.5) and methanol. Fractions containing product were pooled and lyophilized to
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afford 10.3 mg (62%) ofN-(Z-Asp-Glu-Val-Asp)-aminoluciferin as an off-white

powder.

The intermediate N-[Z-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)]-

aminoluciferin was prepared as follows.

5

a. Synthesis of Asp(OtBu)-OH. Fmoc-Asp(OtBu)-OH (500 mg, 1 .2

mmole) was dissolved in a 9:1 mixture of dichloromethane-piperidine (5 mL) in

a 25mL round-bottomed flask. The reaction mixture was stirred overnight at

room temperature. The next morning, TLC analysis indicated complete Fmoc

10 deprotection. The reaction mixture was concentrated by rotoevaporation,

coevaporated 2 times with toluene, and dried under vacuum to give a crude oil.

This oil was purified by flash chromatography on silica gel (50 g) using a

stepwise solvent gradient of 10%-50% methanol in dichloromethane to afford

250 mg (100%) ofAsp(OtBu)-OH.

15

b. Synthesis of Fmoc-Vai-Asp(OtBu)-OH. Asp(OtBu)-OH (250mg, 1.3

mmol) was dissolved in 40 mL of a 1 :1 mixture of dichloromethane and pyridine

in a lOOmL round-bottomed flask with magnetic stirring. To this solution was

added Fmoc-Val-OSu (690 mg, 1.58 mmole) and stirring continued overnight

20 under nitrogen atmosphere at ambient temperature. The next morning the

reaction was concentrated by rotoevaporation to a pale yellow oil, which was

dissolved in dichloromethane and washed twice with 10% aqueous citric acid

solution. The aqueous layer was extracted again with dichloromethane, and the

combined organic layer was dried with anhydrous sodium sulfate and

25 concentrated by rotoevaporation to give 820 mg of crude white foam. This

material was purified by flash chromatography on silica gel using a step-wise

solvent gradient of 3%-20% methanol in dichloromethane to afford 250 mg

(38%) ofFmoc-Val-Asp(OtBu)-OH as an off-white solid.

30 c. Synthesis of Val-Asp(OtBu)-OH. Fmoc-Val-Asp(OtBu)-OH (250 mg,

0.57 mmole) was dissolved in 10 mL of a 9:1 mixture of piperidine-

dichloromethane in a 50 mL round-bottomed flask, and the reaction mixture was
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allowed to stand at ambient temperature. After 1 h TLC analysis indicated the

reaction was complete. The reaction mixture was concentrated, coevaporated

twice with 20 raL of toluene, and dried under vacuum to provide 250 mg of a

crude white residue. This residue was purified by flash chromatography on

5 silica gel (25 g) using a step-wise solvent gradient of20%-75% methanol in

dichloromethane to afford 120 mg (76%) ofpure Val-Asp(OtBu)-OH.

d. Synthesis of Z-Asp(OtBu)-Glu(OtBu)-OH. To a stirred suspension of

Glu(OtBu)-OH in dichloromethane (5 mL) and pyridine (3 mL) in a 25 mL

10 round-bottomed flask was added Z-Asp(OtBu)-Osu (530 mg, 1 .26 mmol). The

resulting mixture was stirred at room temperature for two days. The reaction

mixture was concentrated by rotoevaporation and the residue was partitioned

between ethyl acetate and 10% aqueous citric acid solution. The aqueous phase

was extracted three times with ethyl acetate. Combined extracts were dried over

1 5 sodium sulfate and concentrated by rotoevaporation to give a crude oil that was

purified by flash chromatography on silica gel (75 g) using a stepwise solvent

gradient of2%-4% methanol in dichloromethane. Fractions containing product

were pooled and concentrated by rotoevaporation to give 630 mg (98%) of Z-

Asp(OtBu)-Glu(OtBu)-OH as an off-white solid foam.

20

e. Synthesis of ZrAsp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)-OH. To a

stirred solution ofZ-Asp(OtBu)-Glu(OtBu)-OH (245 mg, 0.48 mmol) in

dichloromethane (20 mL) in a 100 mL round-bottomed flask was added N-

hydroxysuccinimide (60.9 mg, 0.53 mmole) followed by

25 dicyclohexylcarbodiimide (109.2 mg., 0.53 mmol), and the resulting cloudy

mixture was allowed to stir for I h at ambient temperature under nitrogen

atmosphere. After TLC analysis showed the reaction was complete, the

dicyclohexylurea precipitate was removed by filtration and the filtrate was

concentrated by rotoevaporation to about 7 mL, at which point some

30 precipitation began to occur. This mixture was added to a stirred solution of

Asp(OtBu)-Val-OH (120 mg., 0.437 mmol) in DMF (20 mL) in a 50 mL round-

bottomed flask. After the reaction was stirred 2h at ambient temperature, TLC
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analysis indicated the reaction was proceeding slowly, and the hazy mixture was

then concentrated to about 15 mL and stirring was continued overnight. The

next morning, TLC analysis showed the reaction was not yet complete. The

reaction flask was fitted with a condenser and the mixture was then heated at 35-

5 38 °C using a water bath for 1 .5 h, during which time the mixture clarified

somewhat. The reaction was cooled and concentrated by rotoevaporation to a

residue, which was suspended in ethyl acetate (50 mL) and washed twice with

10 mL of 10% aqueous citric acid solution. The organic layer was then washed

twice with 10 mL of water, and the water layer was back-extracted with ethyl

10 acetate. The organic layers were combined, dried over anhydrous sodium

sulfate, concentrated by rotoevaporation, and coevaporated twice with

dichloromethane to afford 500 mg of crude off-white foam. This crude material

was purified by flash chromatography on silica gel (25 g) using a step-wise

solvent gradient of 5%-20% methanol in dichloromethane to provide 190 mg

1 5 (56%) of Z-Asp(OtBu)-Glu(OtBu>Val-Asp(OtBu)-OH as an off-white foam.

f. Synthesis of 6-(Z-Asp(OtBu>Glu(OtBu)-VaI-Asp(OtBu)-amino-2-

cyanobenzothiazole. To a stirred solution ofofZ-Asp(OtBu)-Glu(OtBu)-VaI-

Asp(OtBu)-OH (95 mg, 0.1 12 mmol) in THF (5 mL) cooled in -10 °C bath

20 (sodium chloride-ice) was added via syringe N-methylmoipholine (1 3.4 jiL,

0.122 mmol) and then isobutyl chloroformate (16 nL, 0.122 mmol). The reaction

mixture was stirred at -10 oC for Ih and then a solution of 6-amino-2-

cyanobenzothiazole (27.9 mg, 0.159 mmol) in THF (2 mL) was added via pipet.

The cooling bath was removed and the reaction mixture was allowed to warm to

25 room temperature and stir for 2 days. TLC analysis indicated a new product was

generated. The reaction mixture was concentrated by rotoevaporation to give a

crude residue that was dissolved in ethyl acetate and washed twice with water.

The aqueous phase was extracted again with ethyl acetate. Combined extracts

were dried and concentrated to give 104 mg of crude yellow residue that was

30 purifies by flash chromatography on silica gel (10 g) using a stepwise solvent
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gradient of4%-7% acetone in dichloromethane to provide 44 mg (42%) of 6-(Z-

Asp(OtBu)-Glu(OtBu)-VaI-Asp(OtBu)-amino-2-cyanobenzothiazole as a yellow

solid.

5 g. Synthesis of N-[Z-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)]-

aminoluciferin. To a 50mL round-bottomed flask was added D-cysteine

hydrochloride (997 mg, 5.68 mmol) and deionized water (14 mL, degassed with

bubbling nitrogen for 15 min). The resulting mixture was magnetically stirred

under nitrogen atmosphere until dissolution was achieved. To a separate 25mL

10 erlenmeyer flask was added anhydrous potassium carbonate (785 mg, 5.68

mmol) and degassed deionized water (14 mL). The resulting solution was added

in portions via pasteur pipet to the flask containing the D-cysteine solution, with

periodic addition of6N hydrochloric acid as needed to maintain a pH less than

7.0. After addition of the potassium carbonate solution to the reaction flask was

15 complete, a portion of the reaction mixture (0.24 mL, containing approximately

0.047 mmoles ofD-cysteine) was measured (via pipet) and transferred to a

separate 5 mL reaction vial. A solution of 6-(Z-Asp(OtBu)-Glu(OtBu)-VaI-

Asp(OtBu)-amino-2-cyanobenzothiazole (44 mg, 0.047) in methanol (1 mL) was

then added to the 5 mL reaction vial, followed by addition of 0.1 M hydrochloric

20 acid solution as needed to maintain the pH below 7.0. The reaction mixture was

stirred at room temperature overnight. HPLC and TLC analysis indicated

consumption of starting materials. The reaction mixture was concentrated by

rotoevaporation and coevaporated with acetonitrile to give a solid residue. The

crude product was chromatographed on silica gel (10 g) using a stepwise solvent

25 gradient of 10%-12% methanol in dichloromethane to afford 20 mg (41%) ofN-

[Z-Asp(OtBu)-Glu(OtBu)-Val-Asp(OtBu)]-aminoluciferin as an off-white solid.

Example 8

Preparation of racemic N-Fmoc-aminoluciferin.

30 2-[6
,

-(9-fluorenylmethoxycarbonyl)amino-2 ,

-ben2othiazolyl]-A
2
-

thiazoline-4-carboxylic acid (N-Fmoc-aminoluciferin). To a 100 mL round-

bottomed flask were added N-trifluoroacetyl-aminoluciferin (660 mg, 1.76
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mmol) and a solution of methanolic ammonia (30 mL of a 7 M solution, 210

mmol). The resulting mixture was left standing at room temperature for 4 days.

The reaction mixture was concentrated by rotoevaporation and then

coevaporated with dichloromethane to give 626 mg of a crude brown solid

5 residue that was used in the next step without purification. A portion of the crude

brown solid residue (391 mg) was dissolved in methanol (40 mL) and water (2

mL) in a 100 mL round-bottomed flask. To this solution was added Fmoc-Cl

(435 mg, 1.68 mmol) and the reaction mixture was stirred at room temperature

for 2 h. The reaction mixture was concentrated by rotoevaporation and

10 coevaporated with acetonitrile and then dichloromethane to afford a brown foam

after drying under vacuum. The product was purified by flash chromatography

on 3 successive silica gel columns using 100 g for the first 2 columns and 150 g

for the third. The eluting solvent for the first column was 98:2 dichloromethane-

methanol. The eluting solvent for the second column was 93:7 dichloromethane-

15 methanol. The eluting solvent for the third column was 97:3 dichloromethane-

methanol. Fractions containing product were combined and concentrated to

provide 280 mg ofwaxy product that was 95% pure and 320 mg ofproduct that

was 89% pure. The 280 mg ofwaxy material was re-purified on 25 g of silica gel

using 4:1 dichloromethane-methanol to give 108 mg ofdry pale yellow solid.

20 The 320 mg portion of product was combined with 230 mg ofmaterial recovered

from combined impure fractions from the 3 columns described above. This

combined material (550 mg) was re-purified by flash chromatography on silica

gel (50 g) using 78:22 dichloromethane-methanol to afford 223 mg of product.

Total product thus obtained was 380 mg of amber solid that was 95% pure by

25 HPLC analysis. MS (EST) m/z 500 (M-H)\ 456 (M-H-C02
)".

The intermediate compound N-trifluoroacetyl-aminoluciferin was

prepared as follows.

a. Preparation of 2-(6MTrifluoroacety)amino-2'-benzothiazolyl)~A
z
-

30 thiazoline-4-carboxylic acid (N-Trifluoroacetyl-aminoluciferin). To a 50-mL

round-bottomed flask was added D, L-cysteine (688 mg, 5.68 mmol) and

deionized water (14 mL, degassed with bubbling nitrogen for 15 min). The
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resulting mixture was magnetically stirred until dissolution was achieved. To a

separate 25-mL erlenmeyer flask was added anhydrous potassium carbonate

(785 mg, 5.68 mmol) and degassed deionized water (14 mL). The resulting

solution was added in portions via pasteur pipet to the flask containing the D, L-

5 cysteine solution, with periodic addition of6N hydrochloric acid as needed to

maintain a pH less than 7.5. After addition of the potassium carbonate solution

to the reaction flask was complete, a portion of the reaction mixture (10.1 mL,

containing approximately 2.04 mmoles of D, L-cysteine) was measured (via

graduated cylinder) and transferred to a separate 50 mL erlenmeyer flask. This

10 mixture was diluted with 1 5 mL of degassed methanol and the resulting solution

was transferred to a 100 mL round-bottomed flask containing a solution of 2-

cyano-6-trifluoroacetylaminobenzothiazole (White et al., 1966) (552 mg, 2.04

mmol) in degassed methanol (17 mL). The reaction mixture was magnetically

stirred at room temperature and the reaction flask was covered with aluminum

15 foil. After stirring for 1 h, TLC and HPLC analysis indicated only traces of

starting material remaining. The reaction mixture was diluted with water (79

mL) and the pH was found to be -8.0. The reaction mixture was transferred to a

separatory funnel (250 mL) and extracted with ethyl acetate (79 mL) to remove

neutral organic compounds. The aqueous phase was acidified to pH 2 by

20 addition of6N hydrochloric acid, resulting in a sticky off-white precipitate that

was stored overnight at 5 °C. The suspension was transferred to 50-mL

centrifuge tubes and centrifiiged for about 3 min. The supernatant was decanted

and the pellet was washed with cold water and centrifiiged three times. The

pellet was suspended in methanol and transferred to a 250 mL round-bottomed

25 flask. The suspension was concentrated by rotoevaporation and then

coevaporated with dichloromethane to afford a crude pale yellow solid. The

crude product was purified by flash chromatography on 24 g of silica gel using

9:1 dichloromethane-methanol as eluting solvent. A second chromatography

column was required and employed 100 g of silica gel and 9:1 dichloromethane-

30 methanol as eluting solvent, providing 660 mg (86 %) of a pale yellow solid. MS

(ESI ) m/z375 (M-H)\
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by reference. While in the foregoing specification this invention has been

described in relation to certain preferred embodiments thereof, and many details

have been set forth for purposes of illustration, it will be apparent to those skilled

20 in the art that the invention is susceptible to additional embodiments and that

certain of the details described herein may be varied considerably without

departing from the basic principles of the invention.
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WHAT IS CLAIMED IS:

1
. A luminescent assay method to detect one or more caspases, comprising:

a) contacting a sample suspected of having one or more caspases with a

mixture comprising luciferase and an amino-modified aminoluciferin or

a carboxy-terminal protected derivative thereof, wherein the

modification is the covalent linkage of a substrate for the caspase to the

amino group of aminoluciferin or the derivative thereof via a peptide

bond, and wherein the caspase cleaves the substrate at the peptide bond;

and

b) detecting luminescence in the sample, wherein the luminescent assay is

more sensitive than a corresponding assay with a conjugate comprising a

fluorophore covalently linked to the substrate or a functional equivalent

thereof.

2. A luminescent assay method to detect a protease that specifically cleaves a

substrate comprising aspartate, comprising:

a) contacting a sample suspected of having one or more aspartate-specific

proteases with a mixture comprising luciferase and an amino-modified

aminoluciferin or a carboxy-terminal protected derivative thereof,

wherein the modification is the covalent linkage of a substrate

comprising aspartate to the amino group of aminoluciferin or the

derivative thereof via a peptide bond, and wherein the protease cleaves

the substrate at the peptide bond; and

b) detecting luminescence in the sample, wherein the luminescent assay is

more sensitive than a corresponding assay with a conjugate comprising a

fluorophore covalently linked to the substrate or a functional equivalent

thereof.
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3. The method of claim 1 or 2 further comprising correlating luminescence

with protease concentration or activity.

4. The method of claim 1 or 2 which detects a caspase other than caspase 3 or

caspase 7.

5. The method of claim 1 or 2 which detects caspase 3 or caspase 7.

6. The method of claim 1 or 2 wherein the substrate comprises Xi-X2-X3-D,

wherein X, is Y, D, L, V, I, A, W, or P; X2 is V or E; and X3 is any amino

acid.

7. The method of claim 6 wherein X3 is A, V, H, I, or T.

8. The method of claim 1 or 2 wherein the substrate comprises DEVD (SEQ ID

NO:l).

9. The method of claim 1 or 2 wherein the substrate comprises YVAD (SEQ

ID NO:2).

10. The method of claim 1 or 2 wherein the substrate comprises LEHD (SEQ ID

NO:3).

11. The method of claim 5 which detects at least 0.2 microunits of caspase.

12. The method of claim 1 or 2 which is at least 2 times more sensitive than a

corresponding assay with a conjugate comprising rhodamine-1 10 covalently

linked to the substrate.

13. The method of claim 1 or 2 wherein the sample is a cell lysate.
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14. The method of claim 13 wherein the cells are treated with an apoptosis

inducing agent prior to lysis.

15. The method of claim 1 or 2 wherein the sample comprises intact cells.

16. The method of claim 1 5 wherein the cells are treated with an apoptosis

inducing agent.

1 7. A compound comprising aminoluciferin or a carboxy-terminal protected

derivative thereof covalently linked via a peptide bond to a substrate for a

caspase.

18. A compound comprising aminoluciferin or a carboxy-terminal protected

derivative thereof covalently linked via a peptide bond to a substrate that

specifically cleaves a substrate comprising aspartate.

19. The compound of claim 1 7 or 1 8 wherein the substrate comprises DEVD

(SEQ IDNO:l)

20. The compound ofclaim 17 or 18 wherein the substrate comprises YVAD

(SEQ ID NO:2).

2 1 . The compound ofclaim 1 7 or 1 8 wherein the substrate comprises LEHD

(SEQ IDNO:3).

22. The compound of claim 17 or 18 wherein the substrate comprises X1-X2-X3-

D, wherein Xi is Y, D, L, V, I, A, W, or P; X2 is V or E; and X3 is any amino

acid.
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23. The compound ofclaim 22 wherein X3 is A, V, H, I, or T.

24. The compound ofany one of claims 17-23 which is a carboxy-terminal

protected derivative of aminoluciferin.

25. The compound ofclaim 24 wherein the carboxy-terminus is protected as a

(CrC6)alkyl ester.

26. The compound ofclaim 24 wherein the carboxy-terminus is protected as a

methyl, ethyl, propyl, or ter/-butyl ester.

27. The compound of claim 24 wherein the N-terminus of the substrate is

modified to prevent degradation by aminopeptidases.

28. The compound of claim 27 wherein the N-terminus of the substrate is

modified with an amino protecting group.

29. The compound ofclaim 24 wherein the carboxy-terminus is protected by

coupling to a solid support.

30. A method to prepare a carboxy-terminal protected derivative of

aminoluciferin, comprising protecting the corresponding acid with a suitable

carboxy-protecting group.

31. A method to prepare a carboxy-terminal protected derivative of

aminoluciferin as described in any one of claims 17-23, comprising

protecting the corresponding acid with a suitable carboxy-protecting group.

32. The method of claim 30 or 31 wherein the acid is protected as an ester.
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33. The method of claim 32 wherein the acid is protected by a tert-butyl ester.

34. A carboxy-terminal protected aminoluciferin prepared by the method of

claim 30 or 31.

35. The method of claim 30 or 3 1 wherein the acid is protected by coupling

aminoluciferin to a solid support.

36. The method of claim 35 wherein the solid support is a resin suitable for

peptide synthesis.

37. The method of claim 35 wherein the acid is coupled to the support through

an ester linkage.

38. A method for preparing a compound as described in any one of claims 1 7-23

comprising forming an amide bond between a first amino acid or peptide and

the amino group of a solid support bound aminoluciferin; and optionally

attaching one or more additional amino acids or peptides through peptide

bonds to provide the compound.

39. The method of claim 38 wherein the solid support bound aminoluciferin is

prepared by attaching an N-protected aminoluciferin to a solid support

through the carboxy group; and deprotecting the aminoluciferin.

40. The method of claim 38 or 39 further comprising removing the compound

from the solid support to provide a compound having a free carboxylic acid

group.

4 1 . The method of claim 39 further comprising protecting the carboxylic acid

group with a suitable protecting group.
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42. The method of claim 1 or 2 wherein the luciferase is a thermostable

luciferase.

43. A compound comprising aminoluciferin coupled via the carboxyl group to a

solid support.

44. A compound comprising N-protected aminoluciferin coupled via the

carboxyl group to a solid support.

45. The compound of claim 43 or 44 wherein the solid support is a resin suitable

for peptide synthesis.

46. The compound of claim 45 wherein the amino group is protected with an

Fmoc or a t-Boc group.

47. The method of claim 1 wherein the carboxy-terminal protected derivative

thereof is a compound of formula (I):

wherein R is a peptide that is a substrate for caspase, which is linked to the

remainder of the compound of formula (I) through its C-terminus forming a

peptide (amide) bond; and R' is H or a suitable carboxy protecting group, or

a suitable salt thereof.

H

0)
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49.

50.

51.

52.

53.

54.

55.

56.

The method ofclaim 2 wherein the carboxy-terminal protected derivative

thereof is a compound of formula (I):

wherein R is a peptide that is linked to the remainder of the compound of

formula (I) through an aspartate group at the C-terminus of the peptide

forming a peptide bond; and R' is H or a suitable carboxy protecting

group, or a suitable salt therof.

The method ofclaim 47 or 48 wherein R comprises Xi-X2-X3-D, wherein

Xi is Y, D, L, V, I, A, W, or P; X2 is V or E; and X3 is any amino acid.

The method of claim 49 wherein X3 is A, V, H, I, or T.

The method ofclaim 49 wherein R comprises DEVD (SEQ ID NO: 1).

The method of claim 49 wherein R comprises YVAD (SEQ ID NO:2).

The method of claim 49 wherein R comprises LEHD (SEQ ID NO:3).

The method of any one of claims 47-53 wherein R' is (Ci-C6)alkyl,

phenyl or benzyl.

The method ofany one of claims 47-53 wherein R' is (Ci-C6)alkyl.

The method of any one of claims 47-53 wherein R' is methyl, ethyl,

propyl, or tert-butyl

H

(D
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57. A compound of formula (I):

I

H
(I)

wherein R is a peptide that is a substrate for caspase, which is linked to

the remainder of the compound of formula (I) through its C-terminus

forming a peptide (amide) bond; and R* is H or a suitable carboxy

protecting group, or a suitable salt thereof.

58. A compound of formula (I):

I

H
(I)

wherein R is a peptide that is linked to the remainder of the compound of

formula (I) through an aspartate group at the C-terminus of the peptide

forming a peptide bond; and R* is H or a suitable carboxy protecting

group, or a suitable salt thereof.

59. The compound of claim 47 or 48 wherein R comprises Xi-X2-X3-D,

wherein X] is Y, D, L, V, I, A, W, or P; X2 is V or E; and X3 is any

amino acid.

60. The compound of claim 59 wherein X3 is A, V, H, I, or T.

61. The compound of claim 59 wherein R comprises DEVD (SEQ ID NO:l).

62. The compound of claim 59 wherein R comprises YVAD (SEQ ID NO:2).
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63.

64.

65.

66.

67.

The compound of claim 59 wherein R comprises LEHD (SEQ ID NO:3).

The compound of any one of claims 57-63 wherein R* is (Ci -Chalky!,

phenyl or benzyl.

The method of any one of claims 57-63 wherein R1

is (Ci-C6)alkyl

The compound of any one of claims 57-63 wherein R' is methyl, ethyl,

propyl, or terf-butyL

A method to prepare a compound of formula (I):

wherein R is a peptide that is a substrate for caspase, which is linked to

the remainder of the compound of formula (I) through its C-terminus

forming a peptide (amide) bond; and R' is a suitable carboxy protecting

group; comprising protecting the corresponding acid, wherein R* is

hydrogen, with a suitable carboxy-protecting group.

H

(I)
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68. A compound offormula (I):

£OOR'

H

(D

69.

70.

wherein R is a peptide that is a substrate for caspase, which is linked to

the remainder ofthe compound of formula (I) through its C-terminus

forming a peptide (amide) bond; and R1

is a solid support.

The compound of claim 68 wherein the solid support is a resin suitable

for peptide synthesis.

A compound of formula (1):

wherein R is a peptide that is linked to the remainder of the compound of

formula (I) through an aspartate group at the C-terminus of the peptide

forming a peptide bond; and R* is a solid support.

H

(!)
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71 . The compound of claim 70 wherein the solid support is a resin suitable

for peptide synthesis.

72. The compound of any one of claims 68-71 wherein R comprises X1-X2-

X3-D, wherein X] is Y, D, L, V, I, A, W, or P; X2 is V or E; and X3 is

any amino acid.

73. The compound of claim 72 wherein X3 is A, V, H, I, or T.

74. The compound ofclaim 72 wherein R comprises DEVD (SEQ ID NO:l).

75. The compound of claim 72 wherein R comprises YVAD (SEQ ID NO:2).

76. The compound of claim 72 wherein R comprises LEHD (SEQ ID NO:3).
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